The role of the pectoral fin bud for outgrowth by fin axons was assessed by ablation of pectoral fin buds and by transplantation of fin buds to ectopic sites in the embryos of the Japanese medaka fish (&&as latipes). Normally nerves from segments 1-4 (Sl-4) and less frequently the S5 nerve converged at the base of the fin bud by extending toward the fin bud on the ventral surface of the axial muscles (H. Okamoto and J. Y. Kuwada, 1991, Dev. BioL 146).
INTRODUCTION
bud ablations usually some shoulder muscles developed. This indicates that the ablations were often incomplete and that some brachial plexus targets were left intact. Second, it is possible that segmental nerves take a default posterior pathway, which was unmasked by limb bud ablations, in the absence of the attraction normally provided by the limb bud.
The role of the limb bud for outgrowth to and formation of a plexus at the base of the limb bud by motor axons has been most extensively examined by a combination of ablation and transplantation studies in amphibians and chicks. Transplantation of limb buds to ectopic sites suggested that axons are attracted to limb buds (Detwiler, 1934 (Detwiler, , 1936 Hamburger, 1939; Platt, 1956; Hollyday and Hamburger, 1976) and that a long distance cue may be involved in guidance of axons to the limb. Ablation of limb buds, on the other hand, has given results which appear to be either contrary to an attractive influence of limb buds on axons or are inconclusive. For example, in chicks a plexus forms following ablation of the limb bud (Shorey, 1909; Hamburger, 1934 Hamburger, ,1958 Oppenheim et al, 1978) , but axons within the plexus run uniformly in a posterior direction, including those which normally run anterior (Tosney and Landmesser, 1984) . These results are not inconsistent with the finding that limb buds attract segmental nerves. First, the brachial plexus contains the axons which innervate structures at the base of the wing, e.g., shoulder muscles, as well as in the wing proper. Following wing ' Present address: National Institute for Basic Biology, 38 Nishigonaka, Myodaiji-cho, Okazaki, Aichi 444, Japan.
The pectoral fin and fin motor neurons of the Japanese medaka fish make up a simple system which possesses features that make it attractive for uncovering mechanisms of growth cone guidance (Okamoto and Kuwada, 1991) . The pattern of outgrowth by motor axons in wildtype and finless mutant (~2) embryos suggested the hypothesis that fin axons converge and form a plexus at the base of the fin bud because they are attracted by the fin bud. Given the uncertainty associated with past limb bud ablations, we have reexamined this question in two ways. First, we analyzed motor outgrowth following ablation of the pectoral fin bud. The Japanese medaka embryo is well suited for fin bud ablations since the location and orientation of the fin bud with respect to the body trunk make it possible to completely remove it without damaging the substrates motor axons extend upon to get to the base of the fin bud. Second, we analyzed motor outgrowth following transplantation of fin buds to ectopic sites. The pattern of outgrowth by segmental nerves in both cases support the hypothesis that they converge at the base of the fin bud because they are attracted by the fin bud.
MATERIALS AND METHODS

Generation of Embryos and Labeling Peripheral Nerves
Methods for producing, collecting, and maintaining embryos are given in the companion paper (Okamoto and Kuwada, 1991) . All methods for labeling segmental nerves are also found in the companion paper.
Ablation of Fin Buds
Fifty-four-hour embryos (stage 25) still in their chorions were briefly immersed in betadine and washed several times in sterile Yamamoto's saline (Yamamoto, 1976) . Embryos were dissected free from their chorions and the yolk sacks torn along the ventral midline with sharpened forceps (Fig. 1) . The yolk was gently washed away and the yolk sack was stretched and stuck onto the bottom of plastic culture dishes by pressing the edges of the yolk sack onto the culture dish. Following two changes of sterile Yamamoto's saline, embryos were placed in Earle's balanced salt solution and their fin buds were manipulated. Fin buds develop just posterior to the vitelline vein, but at this stage nascent fin buds were not conspicuous. Nevertheless, excision of the lateral somatopleure just posterior to the vitelline vein, which gives rise to the fin bud, was effective in eliminating the fin bud. Ablations were performed on both sides of embryos since ablation of only one side caused the embryo to bend in the direction of the ablated side and made it difficult to accurately determine the directionality of the fin nerves. Embryos were then cultured in Leibowitz L15 medium containing 10 mM Hepes buffer (pH 7.4), 15% fetal bovine serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 r.Lg/ml amphoteritin B. Cultures were kept at 26°C for 1.5 days and then fixed for immunohistochemistry.
Transplantation cf Fin Buds
Fifty-four-hour embryos were cultured with their yolk sacks stretched on the culture dish as described above. Donor pectoral fin buds and tail buds were dissected from 78 and 54 hr embryos, respectively, with a sharpened tungsten needle. The donor buds were transplanted to sites on one side of 54-hr-host embryos by making a cut at the site and inserting the buds. The contralateral sides served as controls for the experimental sides. In some cases the host fin bud was ablated prior to transplantation of the donor fin bud by excising the somatopleure which gives rise to the fin bud. When this was done at 54 hr there was no regeneration of a new host fin bud. After the transplantations embryos were cultured for 2.5 days at room temperature.
RESULTS
Outgrowth by Fin Axons following
Ablation of the Pectoral Fin Bud Embryos were grown in embryo culture to assess outgrowth by fin axons in the complete absence of the pectoral fin bud, because it was difficult to completely ablate the fin bud without fatally damaging the embryo. Embryos with their yolk sacks attached to the bottom of culture dishes had their nascent fin buds lateral to the main trunk of the embryo with its base attached to the bottom of the culture dish and the proximal/distal axis of the fin bud parallel with the dorsal/ventral axis of the rest of the embryo (Fig. 1) . This geometry allowed for complete ablations of the nascent fin bud including its base without damage to the adjoining tissues such as the somites. Embryos were cultured starting at 54 hr (stage 25) and left in culture for 1.5 days (see Materials and Methods). In vivo at 54 hr the fin bud is not conspicuous and motor growth cones from Sl-5 are normally extending ventrally between the notochord and the medial surface of the axial muscles (Okamoto and Kuwada, 1991) . They reach the ventral surface of the axial muscles and begin to extend laterally towards the fin bud 2-3 hr later.
Control embryos without any manipulations (n = 10) appeared to develop normally (Fig. 1B) . For example, retinal axons formed a normal optic chiasm, the number of segments increased from 19 to 31 as it does in vivo, and embryos even became motile. However, the fin bud developed at a slower rate than it would have in vivo. The fin bud increased in size and developed an apical ectodermal ridge (AER), but did not increase in size as much as it would have during 1.5 days in vivo and the fin mesenchyme did not begin to differentiate into muscle and cartilage. Judging from the state of development of the fin bud, cultured embryos underwent 16 hr of development (70 hr, late stage 27; Fig. 2B ). Despite the slower rate of development segmental nerves extended normally on the ventral surface of the axial muscles (Figs. 1B and 2A). Nerves from Sl-4 converged to form a plexus at the base of the fin bud and nerves from more posterior segments extended laterally and caudally down the middle of the ventral surface of the axial muscles. The S5 nerve projected no anterior branch, but in vivo this branch does not appear until approximately 84 hr. The Sl and S4 nerves branched but often the anterior branch of Sl and the posterior branch of S4 were thinner than they are in vivo.
Following embryo culture and complete ablation of nascent fin buds at 54 hr, the fin bud did not regenerate ( Fig. 2D ) and the nerves from Sl-4 did not converge and did not form a plexus (Fig. 2C) . Instead, the nerves had trajectories which resembled those of the more posterior segments in 36 of 38 cases; nerves ran laterally along the middle of the ventral surface of the axial muscles. In most of these cases the Sl and S4 nerves did not branch normally although occasionally nerves did extend parallel branches. In the other 2 cases convergence was abnormal: nerves from Sl and S2 converged, but S3 and S4 ran laterally; nerves from Sl and S2 converged together and S3 and S4 converged together, but all four nerves did not converge. Additionally, ablation of the fin bud in pl embryos, which have defective fin bud development (Okamoto and Kuwada, 1991) , had the same effect on segmental nerves as removal of fin buds in wildtype. Again the nerves from Sl-4 ran laterally on along the ventral surface of the axial muscles in parallel to the muscle borders and did not converge (n = 3; data not shown).
It is not likely that the ablation procedure inadvertently disturbed or damaged the trunk proximal to the fin bud or at the junction between the fin bud and the body trunk for two reasons. First, in '7 cases a fin bud was present despite the ablation procedure. In these cases nerves from Sl-4 converged normally (data not shown). We presume these cases represent incomplete ablations, since in 38 of 45 cases no fin buds were present, but cannot strictly rule out that in some cases regeneration of the fin bud can occur. Second, in sham experiments in which the nascent fin bud was cut off from the body trunk but left in place, nerves from Sl-4 converged to form a plexus at the base of the fin bud in 4 of 5 embryos (Fig. 2E) The larger fin buds of 7%hr (late stage 28) embryos were used as donor fin buds and transplanted to 54 hr host embryos since the fin buds of earlier embryos proved to be too small and difficult to transplant reliably (see Materials and Methods). Furthermore, fin buds from 7%hr donors probably influence segmental nerves since convergence of all the fin nerves is not completed until later in development (Okamoto and Kuwada, 1991) . The fin bud from one side of the host embryos were ablated just prior to transplantation of donor fin buds.
The fin bud is normally centered on the SUS2 border. Following ablation of host fin buds and transplantation of donor fin buds to more posterior positions, segmental nerves near the ectopic fin bud converged to the base of the ectopic bud (n = 7). Three aspects of these results are especially noteworthy. First, segmental nerves from Sl-5, which normally converge toward the fin bud, did so toward orthotopically transplanted donor tin buds (Figs. 3A and 3B). Second, both nerves from segments which normally converge to the fin bud and those from posteriorly and laterally to reach a more posterior fin segments which normally do not can converge to the bud. The nonfin S6 nerve branches laterally with one base of the ectopic fin bud. For example, the S6 nerve branch running anteriorly and the main trunk of the S5 never converges to the fin bud normally but does so to-nerve running anteriorly and laterally towards the ecwards a larger donor bud lateral to Sl-4 (Figs. 3C and topic fin bud. Normally the S6 nerve runs laterally and 3D). Third, segmental nerves change their trajectories posteriorly away from the fin bud and does not branch, in order to reach the fin bud (Figs. 3E and 3F) . The SZ-4 while the main trunk of the S5 nerve also runs posterinerves normally extend along a diagonal pathway both orly and laterally. These results suggest that fin buds anteriorly and laterally to reach the fin bud, but extend can attract segmental nerves to extend to them. The trajectories of segmental nerves following the addition of an ectopic fin bud to host embryos (n = 28) also suggested that fin buds attract segmental nerves. First, nerves from segments which normally do not converge to the fin bud now often converged toward an ectopic fin bud (Fig. 4) . DiI back-labeling from the ectopic fin bud showed that these nerves contained the axons of neurons located in the ventral spinal cord of the segment corresponding to the back-labeled nerve (n = 5; Fig. 5 ). The location of these neurons and trajectories of their axons indicate that they are likely to be motor neurons. Second, segmental nerves changed their trajectories to reach ectopic fin buds (Fig. 4) . Again, both nerves from segments which normally converge toward the fin bud and segments which normally do not can change their trajectories to reach an ectopic fin bud. Segmental nerves in between the host and donor fin buds either extended to the host fin bud, to the donor fin bud, or branched and extended branches to both (Figs. 4C and 4D) . In four cases where the donor fin bud was transplanted to a site at the same segmental level as the host fin bud but lateral to the host bud, nerves from Sl-5 converged at the base of the host fin bud but aberrant nerves extended from these nerves towards the donor fin bud (not shown). In contrast transplants of tail buds from 54-hr (stage 25) embryos did not disturb the normal outgrowth patterns of segmental nerves (n = 6; Figs. 4G and 4H).
The systematic change in trajectories of segmental nerves as the location of the donor fin bud changed along the anterior/posterior axis can be appreciated in Fig. 6 . As the donor fin bud was moved posteriorly nerves from more posterior segments extended toward the donor fin bud. To estimate the distance the donor fin bud was able to attract segmental nerves, nerves from segments posterior to the donor bud were examined since segmental nerves anterior to the donor bud would potentially be influenced by both host and donor buds. By comparing the ratios of nerves which extended anteriorly toward the donor fin bud from segments successively posterior to the donor bud, it was apparent that the two closest segments were dramatically influenced with the closest nerve more so than the next nerve (Fig.  6) . The nerves from segments in between the host and donor fin buds appeared to be influenced by both fin buds. This is apparent when one compares the percentage of nerves or nerve branches from S2 and S3 which extended posteriorly toward the donor fin bud when the donor fin bud was transplanted to different segmental levels. In 4 cases nerves branched and extended to both host and donor fin buds. The percentage of both the S2 and S3 nerves or nerve branches that extended posteriorly increased steadily as the position of the donor fin bud was moved anteriorly (Table 1) . Conversely, the nerves or nerve branches which extended anteriorly toward the host fin bud decreased as the donor bud was moved closer to segments S2 and S3. The S2 and S3 nerves normally always extend anteriorly toward the fin bud.
DISCUSSION
Attraction of Motor Axons by Limb Buds
The pattern of outgrowth by spinal motor growth cones in wildtype and pl embryos (Okamoto and Kuwada, 1991) , and the trajectories of segmental nerves following fin bud ablations and to ectopic fin buds all suggest that the fin bud normally exerts a long-distance attractive influence on motor growth cones. Following fin bud ablations, the nerves from Sl-5 extended laterally within their own segments and did not converge toward the fin bud much like the nerves from more posterior segments. These results establish that the fin bud is necessary for normal outgrowth and that it is unlikely that local cues associated with their normal pathway are sufficient to guide axons to the base of the fin bud. In pl embryos the pectoral fin bud begins to develop but soon arrests, and the pattern of outgrowth by segmental nerves was consistent with a diminished capacity of the fin bud to attract growth cones and/or the growth cones to respond to the fin bud. The outgrowth patterns in fin-bud-ablated and ;ul embryos further suggest the existence of a default pathway in Sl-5 perhaps defined by local cues, which is similar to the pathway normally taken by nerves from more posterior segments. Presumably the attraction of nerves from Sl-5 by the fin bud overcomes the local default pathway cues in these segments of normal embryos but does not in S4-5 of pl embryos.
The outgrowth pattern of nerves following transplantation of limb buds to ectopic sites provides more compelling evidence for attraction of axons by limb buds. The traject.ory of spinal motor axons to ectopic fin buds in the fish embryo is similar to the trajectory of segmental nerves to ectopic limb buds in amphibian (Detwiler, 1934 (Detwiler, , 1936 Piatt, 1956 ) and chick (Hamburger, 1939; Hollyday and Hamburger, 1976) embryos in two important ways. First, spinal nerves from segments which normally innervate the limb and segments which do not innervate the limb both extended to ectopic limb buds. Second, segmental nerves changed their trajectories appropriately to reach ectopic limb buds. In another experiment an obstruction was placed along the pathways motor axons normally follow to reach the limb bud (Hamburger, 1929) . Despite the presence of a mica plate between the spinal cord and the limb bud, segmental nerves reached the limb bud by running around the obstruction. These findings indicate that attraction of growth cones by limb buds may be a mechanism common to a variety of animals.
Since ectopic fin buds can attract nerves from more posterior segments, these nerves are presumably too far from the fin bud to be attracted by it in normal embryos. Instead they follow the local default pathway cues. The distance over which motor growth cones are attracted by the fin bud in the Japanese medaka can be roughly estimated from the pattern of outgrowth in normal embryos and following fin bud transplantation to be two to three segments. In chicks a similar decline of attraction of segmental nerves with distance from the ectopic limb bud was observed (Hamburger, 1939 The results of previous limb bud ablation studies, in contrast to our experiments, either appear to contradict the conclusion drawn from transplantation experiments or are inconclusive. In chicks, motor axons extend laterally and then uniformly in a posterior direction to form an abnormal plexus (Tosney and Landmesser, 1984) . This result, however, is not inconsistent with attraction of motor axons by the limb bud. In the chick, motor axons may have a tendency to extend posteriorly once they have extended laterally which is normally overridden by their attraction to the limb bud. In fact, the segmental nerves in segments posterior to S4 in the Japanese medaka embryo extend in a similar pattern. In amphibians a seemingly normal plexus forms in the position corresponding to the base of the limb bud (Shorey, 1909; Hamburger, 1934) . However, since the limb regenerates in the species used and despite repeated ablations, it is uncertain and perhaps unlikely that the segmental nerves were never exposed to a regenerating limb bud. In this regard we observed no regeneration of the fin bud in our experiments. Lack of regeneration by fin buds was also observed following early fin bud ablations in another teleost (Nicholas and Oppenheimer, 1942) . The results of previous limb bud ablations may in part be due to the possibility that the ablations were incomplete or damaged adjacent trunk tissue in addition to removing the limb bud. It may be very difficult to completely ablate the limb bud including its base without unduly disturbing the substrates leading to the limb bud in chicks and amphibians since the base of the limb buds in these species directly abuts the trunk of the embryo. Fin bud ablations in the Japanese medaka embryos, however, are likely to be complete because of the unusual relationship of the fin bud to the rest of the embryo (Okamoto and Kuwada, 1991) combined with our culturing technique. These advantages may account for the fact that our ablation results are more obviously consistent with the results from limb (Detwiler, 1934; Hamburger, 1939) and fin bud transplantations.
The Nature of the Attraction of Motor Nerves by Limb Buds
Limb buds can attract nerves from inappropriate sources in a variety of animals. In some cases limbs are functionally innervated by motor neurons from inappropriate segments , but these connections are apparently lost due to the eventual death of the inappropriate motor neurons and the regression of the limb (O'Brien et ah, 1990) . Furthermore, in amphibians other tissues such as eye rudiments can also attract spinal nerves (Detwiler, 1936) . But not any tissue can serve as the source of the attractant since the tail bud failed to attract segmental nerves in both amphibians (Detwiler, 1936) and fish.
The finding that motor axons from inappropriate segments can be attracted by the fin bud raises two questions which are not resolved by our experiments: (1) What is the identity of the motor neurons from inappropriate segments which are attracted to the fin bud? (2) How and by what motor neurons are the axial and fin muscles innervated in those segments which normally innervate the fin? These questions deal with the issues of when and how axial and fin motor neurons become specified and whether all motor neurons are attracted by the fin bud.
The large size of the early motor growth cones and the early branching of the segmental nerves are consistent with the possibility that growth cones may be extending along a gradient of a cue emanating from the fin bud (Okamoto and Kuwada, 1991) . Numerous in vitro experiments have demonstrated that growth cones can be directed to a distant target by a long distance cue (Heffner et al., 1990; Davies, 1983, 1986; McCaig, 1986; Tessier-Lavgne et al, 1988) and limb buds can apparently affect outgrowth of neurites from spinal cord explants (Pollack and Liebig, 1977) . Suitable in vitro experiments with fish embryos similar to those performed on other systems should demonstrate whether spinal growth cones are attracted by a fin-bud-derived diffusible cue. Our in vivo experiments suggest that the normal outgrowth pattern of segmental nerves results from a combination of local substrate cues and a fin-bud-derived long distance cue which falls off with distance. The long distance cue overcomes the local cues in segments close to the fin bud but is too weak to affect outgrowth in more distant segments. In these segments the local substrate cues determine the pathway followed by motor growth cones.
